numerous biological processes. Not surprisingly, intense competition for iron between host and pathogen often occurs during the course of infectious disease, and the availability of this precious metal can have a significant impact on both pathogen virulence and host anti-microbial defenses. Several recent reviews have discussed the mechanisms used by microbes to acquire iron during infection of higher organisms, and the importance of this process in the expression of virulence characteristics [1] [2] [3] [4] . Here, we focus on how the mammalian immune system manipulates iron levels in order to limit the multiplication of pathogenic organisms, and how changes in iron metabolism can influence the innate immune response to infection.
Introduction
Kipling probably did not have iron homeostasis in mind when he expressed the sentiment quoted above, but what he held to be true of military conflict also applies to the battle between microbial pathogens and their mammalian hosts. Eukaryotic cells and most prokaryotic organisms require iron in order to maintain the function of macrophages of the reticuloendothelial system. Dietary iron is transported across the apical membrane of the enterocyte by the transporter Nramp2 (also known as Slc11a2 and DMT1), after reduction to the ferrous state by an apical membrane expressed ferrireductase if required. The absorbed iron is released into the circulation at the basolateral surface of the enterocyte through the export protein ferroportin (FPN, also known as Slc40a1, MTP1 and IREG1). After oxidation to the ferric form by either hephaestin (located on the enterocyte plasma membrane) or circulating ceruloplasmin, the iron is transported in complex with the protein transferrin (Tf) to sites of utilization. Cells take up Tf-bound iron by means of the ubiquitously expressed Tf receptor 1 (TfR1). Iron derived from the breakdown of aged red blood cells, as well as that released from internalized Tf-TfR1 complexes, is moved via Nramp2 from the lumen of the endosome or phagosome into the cytosol, where it can be used for cellular functions or stored in the form of insoluble ferritin. In the phagocytes of the reticuloendothelial system, iron can also be pumped out into the circulation by plasma membrane-expressed FPN.
A key aspect of iron homeostasis is the regulation of FPN expression, which controls the amount of the metal released into the plasma from duodenal enterocytes after dietary absorption and from macrophages involved in recycling iron from erythrocytes. FPN expression is regulated posttranslationally by the circulating hepatocyte-derived peptide hormone hepcidin, which binds to FPN and induces its internalization and lysosomal degradation [7] . Production of hepcidin, in turn, is regulated by a number of factors, including those that reflect body iron status and requirements [8, 9] . In general, conditions associated with increased iron demand such as iron deficiency anemia and hypoxia inhibit production of hepcidin, thereby allowing higher FPN expression and increased release of iron from the gut and reticuloendothelial system. Conversely, elevated body iron stores, as well as infections and inflammatory conditions, lead to increased hepcidin production, with consequent downregulation of FPN expression and inhibition of iron release from macrophages and enterocytes. Thus, proper functioning of the hepcidin-FPN axis ensures that the amounts of iron entering the circulation are appropriate to body stores and demands.
Intracellular free iron concentrations depend on circulating levels, but are also controlled by regulated changes in expression of ferritin and TfR1. The expression of these proteins is controlled posttranscriptionally via iron response elements that are found in the 5 -untranslated region of the ferritin mRNA and in the 3 -untranslated region of the TfR1 mRNA. Under conditions of low cytosolic iron, trans-acting regulatory proteins (IRE-binding proteins or IRPs) bind to the IREs and inhibit mRNA translation in the case of ferritin and promote mRNA stability in the case of TfR1 [10, 11] . These changes lead to decreased ferritin expression and increased TfR1 expression, both of which facilitate an increase in cytosolic iron levels. The IRE-IRP system thus helps to maintain Regulation of iron homeostasis in mammals. Iron (Fe) derived either from the destruction of red blood cells (RBC) or from dietary sources in the intestine is transported into the cytosol of macrophages and enterocytes, respectively, via the transporter Nramp2. The metal can be used for cellular metabolism, stored in complex with ferritin, or exported by FPN into the circulation, where it binds to Tf. The hepatocyte-derived peptide hepcidin, the expression of which is upregulated by iron overload and inflammation and downregulated by iron deficiency, anemia and hypoxia, plays a central role in iron homeostasis by binding to FPN and inducing its internalization and degradation. cellular iron homeostasis by modulating ferritin and TfR1 expression.
Why should the immunologist care about iron homeostasis? Firstly, changes in iron distribution and availability occur during the response to infection, and some of these alterations may influence pathogen growth. They can also have significant effects on the responses of cells such as macrophages and epithelial cells. Secondly, chronic disorders of iron metabolism can alter susceptibility to infectious disease. Iron overload caused by dietary excess, abnormal hemolysis, or inherited disorders of metabolism predisposes to infections such as salmonellosis, tuberculosis and malaria [12] [13] [14] [15] . On the other hand, iron deficiency can provide relative resistance to certain infections such as tuberculosis and malaria, and iron supplements have been shown to counteract this effect [16] [17] [18] . Iron-dependent effects on pathogen virulence and host immunity have been suggested as explanations for these altered susceptibilities, but the underlying mechanisms remain to be fully understood. It is clear that there are a number of cross-connections between iron homeostasis and normal functioning of the immune system. Understanding the molecular details of these interactions will not only shed light on basic strategies of immune defense and immunoregulation, but will also help to explain the increased susceptibility to infection that often accompanies diseases of iron metabolism [19, 20] . In the sections that follow, we will first discuss the role of iron deprivation in protection against infection, and then go on to review the various ways in which abnormalities of iron metabolism can influence innate immunity.
Iron Deprivation as an Antimicrobial Defense Strategy
Given the importance of iron in microbial growth and virulence, it is not surprising that mammals have evolved strategies to restrict the availability of the metal to infecting pathogens. These strategies range from a global decrease in circulating iron levels as a result of modulation of the hepcidin-FPN axis to the expression of molecules that specifically compete with microbial iron acquisition mechanisms.
Iron Sequestration by Modulation of the Hepcidin-FPN Axis
A potent stimulus for the induction of hepcidin expression in the liver is the cytokine IL-6. This aspect of IL-6 function may involve direct transcriptional upregulation of the hepcidin gene or, as has been shown recently, may be mediated by hepatocyte-derived bone morphogenetic proteins acting in a paracrine or autocrine manner on bone morphogenetic protein receptors and the coreceptor hemojuvelin [21] [22] [23] [24] . As a result of the ability of IL-6 to increase hepcidin expression, and the well-known involvement of this cytokine in inflammation, many acute and chronic infectious and inflammatory processes are accompanied by a rise in circulating hepcidin levels. The consequent downregulation of FPN expression leads to hypoferremia as a result of iron sequestration within phagocytes and enterocytes. Although the decrease in circulating iron contributes to the anemia of chronic disease, it is also thought to have a protective effect against infection by depriving pathogens of a muchneeded nutrient [8, 25] . Experimental evidence in support of this idea comes from a mouse model of extracellular Escherichia coli infection in which gene expression profiling of the bacterial pathogen indicated an iron-deprived state [26] . The recent identification of reagents that specifically inhibit hepcidin expression [22, 27] , and the availability of various transgenic mouse strains with altered hepcidin and FPN expression or function [28] [29] [30] [31] should now provide for more rigorous investigation of the role of hepcidin-mediated iron sequestration in antimicrobial defense.
Expression of Macrophage Iron Transporters
The macrophage is a favored site of long-term residence by intracellular pathogens such as Salmonella , Mycobacteria , Leishmania and Chlamydia . Alterations in intramacrophage iron content and distribution would be expected to influence the growth of such organisms and could be considered to constitute part of the phagocytic antimicrobial armamentarium. Indeed, one of the earliest infectious disease susceptibility genes to be identified in the mouse was Nramp1 ( Slc11a1 ), which encodes a phagosomal divalent metal ion transporter [32] . Although there is some controversy over the directionality of metal transport by the Nramp1 protein, current evidence favors the idea that it pumps iron and manganese out of the phagosomal compartment into the cytosol, thereby inhibiting the growth of pathogens that live within the phagosome [3, 33, 34] . Besides the direct effects of iron deprivation on intracellular pathogen survival and growth, Nramp1-mediated changes in iron distribution may also influence macrophage functions such as the production of inflammatory cytokines and reactive oxygen and nitrogen radicals [35] . The importance of Nramp1 function is highlighted by the fact that mice with wild-type alleles of Nramp1 are able to restrict the early intramacrophage multiplication of organisms such as Salmonella , Leishmania and Mycobacteria , allowing the development of effective adaptive immunity that eliminates or significantly contains these infections. In contrast, mice with homozygous inactivating mutations in Nramp1 suffer from uncontrolled growth of the pathogen and ultimately succumb. The role of the Nramp1 gene in human immune defense and susceptibility to infection is not as clear-cut as in the mouse. While an association between polymorphisms in Nramp1 and susceptibility to tuberculosis or leprosy has been demonstrated in some studies, it has not been replicated in others, and the effect may be restricted to specific populations or geographic areas [36, 37] .
Recent work from our laboratory and several other groups has implicated another macrophage iron transporter, the iron efflux protein FPN, in the control of intracellular pathogen growth. We found that increased expression of FPN inhibited the growth of Salmonella typhimurium in epithelial cells and macrophages, whereas hepcidin-induced downregulation of FPN favored multiplication of the bacteria [38] . The pattern of bacterial gene expression in the FPN-overexpressing cells was consistent with an iron-deprived state, suggesting that FPN-mediated iron efflux lowered iron levels within the Salmonella -containing vacuolar compartment. Similarly, iron uptake and growth of Mycobacterium tuberculosis was found to be inhibited in monocyte-macrophages from patients with HFE -associated hemochromatosis, a disorder of iron homeostasis in which FPN expression is increased on these cells [39] . However, recent in vivo experiments show that mice with disruption of the Hfe gene, which results in abnormalities similar to human HFE -associated hemochromatosis, are more susceptible to Mycobacterium avium infection than wild-type animals [40] . Effects of altered FPN expression and function on the intracellular growth of Chlamydia and Legionella have also been demonstrated [41] . Increased expression of FPN on macrophages has been shown to occur when these cells are infected with Salmonella or Mycobacteria [42, 43] , and similar upregulation also occurs in response to treatment with interferon-␥ [44] . Putting these various findings together, it would appear that elevation of FPN on macrophages may help to limit early pathogen growth within these cells by lowering intracellular iron concentrations. However, it must be borne in mind, as discussed earlier, that infection in vivo is associated with a rise in circulating hepcidin levels, which would result in downregulation of FPN. The net effect on macrophage FPN expression in the animal, and the consequent influence on intracellular pathogen multiplication, would thus depend on the balance between the opposing forces represented by hepcidin on the one hand and macrophage activation mediated by microbial molecules or interferon-␥ on the other. Further studies in animal models of infection are clearly required to clarify this issue.
Expression of Secreted Iron-Binding Proteins
Lactoferrin is a Tf-related glycoprotein that binds ferric iron with high affinity. It is secreted constitutively by epithelial cells lining the mammary gland and the respiratory and gastrointestinal tracts, and is present in high concentrations in milk and mucosal secretions. It is also a constituent of neutrophil granules and is released at sites of inflammation. It has long been considered an important factor in innate immunity, particularly at mucosal surfaces. This role is partly based on its ability to sequester iron from infectious microorganisms, but lactoferrin has also been shown to have defensin-like antimicrobial effects, and to modulate inflammatory responses by both iron-binding-dependent and -independent mechanisms [45, 46] . Although the ability of exogenously administered lactoferrin to inhibit bacterial growth has been demonstrated in a number of in vitro and in vivo assays [19] , its physiologic role in immune defense is not clear. Mice with homozygous disruption of the lactoferrin gene have no major abnormalities in either iron homeostasis or the immune system, and are able to handle infections with Staphylococcus aureus , Pseudomonas aeruginosa and M. tuberculosis as well as wild-type animals [19, 47, 48] .
One of the mechanisms used by bacteria to acquire iron from their hosts involves the production of siderophores, small secreted molecules that have an affinity for ferric iron comparable to Tf and lactoferrin [49] . The production of siderophores, other molecules involved in iron transport, and some toxins such as shiga toxin and diphtheria toxin, is controlled by the iron-binding transcription factor ferric uptake regulator (Fur), which represses expression of the relevant genes when bacterial ferrous levels are high. The repression is relieved under conditions of low iron availability, allowing increased transcription of the Fur-regulated genes [50] . During in vivo bacterial infection, Fur-regulated genes, including those involved in siderophore biosynthesis, have been shown to be expressed at high levels in sites such as the peritoneal cavity and spleen, in part because iron levels are low in these areas whereas expression in iron-replete locations such as the intestinal lumen is low [51] . The production of siderophores in response to ambient iron concentrations facilitates survival of microbial pathogens in the low-iron environment of mammalian serum and tissue. However, in the never-ending battle for iron between pathogen and host, the immune system counters by producing siderocalin (also known as lipocalin 2 and neutrophil gelatinase-associated lipocalin, NGAL), a protein that is upregulated as part of the acute-phase response to infection, and that binds specifically to some siderophores to disrupt pathogen iron acquisition [52, 53] . Siderocalin is secreted by neutrophils, macrophages and other cell types following infection by a number of different organisms, and in some cases Toll-like receptors (TLRs) have been shown to be involved in this response [42, [54] [55] [56] [57] . Siderocalin knockout mice have compromised immunity to pathogenic E. coli and to M. tuberculosis , displaying elevated tissue bacterial numbers and decreased survival following infection with these organisms [54, 58, 59] . In keeping with these in vivo abnormalities, neutrophils and alveolar epithelial cells from the mutant animals are impaired in their in vitro ability to kill the E. coli and M. tuberculosis , respectively. Studies in humans also suggest a potential role for siderocalin in protection against bacterial pathogens. In an analysis of M. tuberculosis infection among contacts of individuals with active pulmonary tuberculosis, the incidence of infection was inversely correlated with circulating neutrophil numbers and serum levels of neutrophil antimicrobial peptides, including siderocalin [60] . Further illustration of the importance of siderocalin, as well as evidence for pathogen-host coevolution, is provided by the finding that several pathogenic bacteria have developed mechanisms to evade the inhibitory activity of this protein by the production of multiple and/or modified siderophores. Thus, in contrast to nonpathogenic enteric bacteria, which produce a siderophore that can be neutralized by siderocalin, Salmonella secretes a glucosylated siderophore, salmochelin, that is not bound by siderocalin [49, 61] . Similarly, M. tuberculosis expresses multiple forms of its siderophore, carboxymycobactin, which vary in the length of their fatty acid side chains, and only some of these forms are bound by siderocalin [53] .
Siderocalin may also have functions independent of its ability to sequester bacterial siderophores. In the unliganded state, it has been reported to reduce intracellular free iron by unclear mechanisms, while in certain situations it may actually deliver iron to cells [62, 63] . The physiologic significance of these observations is yet to be demonstrated, but one could speculate that production of siderocalin may help to counteract the effects of hepcidin-mediated downregulation of FPN and the attendant increase in intracellular iron.
Effects of Altered Iron Homeostasis on Innate Immunity
As discussed in an earlier section, acute changes in circulating and intracellular iron levels can occur during infection as a result of altered expression of hepcidin and FPN. More chronic changes are observed in the states of disturbed iron homeostasis associated with nutritional iron deficiency, hemolytic anemias and the group of inherited iron overload disorders known as hereditary hemochromatosis. Although the pathophysiology of these conditions varies, a feature common to all of them (with the exception of type IV hemochromatosis) is suppression of hepcidin expression, with consequent upregulation of FPN on macrophages and a decrease in the intracellular levels of iron in these cells [8, 9, [64] [65] [66] . Type IV hemochromatosis (ferroportin disease) is characterized by missense mutations in FPN that result in either increased or decreased levels of intramacrophage iron depending on whether the mutation inactivates iron export function or not [31] .
What effect do the alterations in iron homeostasis described above have on cells of the innate immune system, particularly macrophages? This question is of both immunological interest and clinical relevance since many chronic disturbances of iron handling are associated with altered susceptibility to infectious disease [12] [13] [14] [15] [16] [17] [18] . In general terms, changes in the intracellular levels of free iron have been shown to alter patterns of cellular gene expression, with iron loading eliciting the effects of oxidative stress and iron depletion those of hypoxia [67] . It is reasonable to expect that such effects would have an impact on the behavior of cells of the immune system. To address the issue more specifically, it is necessary to understand the ways in which iron can influence those cellular functions that contribute most significantly to innate immune responses.
Iron and NF-B
NF-B is a transcription factor that plays a key role in the expression of genes involved in various aspects of innate and adaptive immunity [68, 69] . It can be activated by signals delivered through cell surface receptors or by a variety of intracellular or extracellular stresses. Intracellular free iron has been implicated in a number of these activation events, usually because of its ability to catalyze the generation of reactive oxygen species [67] . Reactive oxygen species production has been linked to the activation of NF-B, although there is considerable controversy about the generality of this notion and the precise mechanisms involved [70] .
There is a fairly extensive (albeit older) literature demonstrating various effects of iron and iron chelators on macrophage function, some of which have involved NF-B. More recent papers have sought to clarify the underlying mechanisms. In one experimental model, addition of ferrous sulfate to cultured hepatic macrophages has been shown to activate NF-B and to lead to the production of the proinflammatory cytokine TNF ␣ , a process that has been suggested to contribute to the pathogenesis of liver damage in states of iron overload [71] . The mechanism appears to involve an effect of iron upstream of I B ␣ degradation, and is associated with an increase in reactive oxygen species levels [71, 72] . Furthermore, treatment of macrophages with LPS has been shown to result in a rapid, transient elevation of intracellular free-iron levels that precedes NF-B activation, thus placing these observations in the context of physiologic macrophage activation [73] .
In keeping with the results described above, reduction of free intracellular iron generally inhibits NF-B activation. This conclusion is based on numerous experiments with iron chelators. In addition, there is a limited amount of data indicating that reduced intracellular iron associated with states of altered iron homeostasis also has inhibitory effects on activation of NF-B. These data come from studies of heme oxygenase-1 (HO-1), an enzyme that plays an important role in the recycling of iron from senescent erythrocytes by cleaving the porphyrin ring of heme to release ferrous iron while generating biliverdin and carbon monoxide [74] . HO-1, which is upregulated in macrophages and other cells during infection [42] , also has anti-inflammatory effects that have been attributed to the ability of carbon monoxide to modulate p38 kinase signaling and TLR activation [75] . However, there is recent evidence to suggest that some of these effects may be related to HO-1-mediated changes in intracellular freeiron levels that impact on the activity of NF-B. Specifically, increased expression or activity of HO-1 has been shown to lead to a decrease in intracellular iron because of elevated ferritin expression and enhanced iron efflux. These changes are associated with impaired phosphorylation of the RelA subunit of NF-B and a corresponding decrease in transcriptional activity. The attenuation of both RelA phosphorylation and NF-B activity are mimicked by deferoxamine treatment, implicating changes in intracellular iron in the effects of HO-1 [76, 77] . One of the consequences of HO-1-dependent regulation of NF-B activity is exaggerated TNF ␣ -induced expression of adhesion molecules on endothelial cells of HO-1-deficient mice, an abnormality that may contribute to the hyperinflammatory phenotype of these animals [74, 77] .
Iron and the Hypoxia-Inducible Factors
The hypoxia-inducible factors (HIFs) are a family of heterodimeric helix-loop-helix transcription factors that play important roles in the cellular response to hypoxia [78] . Each member of the family, of which HIF-1 is representative and most studied, consists of an unstable ␣ -subunit and a stable ␤ -subunit. Under normoxic conditions, HIF-1 ␣ is hydroxylated on specific proline residues, a modification that creates a binding site for the von Hippel-Lindau protein and that promotes von Hippel-Lindau protein-dependent targeting for proteasomal degradation. The hydroxylation is carried out by a family of prolyl hydroxylase domain proteins, whose activity is dependent on oxygen and iron. Accordingly, under conditions of hypoxia or low intracellular iron concentrations, prolyl hydroxylase domain protein activity is decreased, HIF-1 ␣ is stabilized, and the resultant accumulation of HIF-1 leads to the transcriptional activation of a large number of genes involved in erythropoiesis, angiogenesis and glycolysis. In addition to these functions, HIF-1 also plays an important role in the innate immune response, as revealed by analysis of mice with a myeloid cell-specific disruption of the HIF-1 ␣ gene. These studies revealed a number of abnormalities in the response to infection in the knockout animals or cells, including increased susceptibility to Gram-negative and Gram-positive bacterial pathogens, and decreased production of antimicrobial peptides, inflammatory cytokines, nitric oxide and lysosomal proteases [79] [80] [81] . While there is little doubt that the hypoxic conditions prevailing in infected and damaged tissue constitute one of the major stimuli for HIF-1 ␣ stabilization [79] , hypoxia-independent effects of the infecting microorganism itself also contribute significantly to this process. Such effects involve NF-B-dependent transcriptional upregulation of HIF-1 ␣ [82] , as well as stabilization of HIF-1 ␣ as a result of bacteria-induced lowering of intracellular iron. Recent work has shown that the mechanism responsible for the latter phenomenon probably involves siderophores secreted by the infecting pathogen [83] . Thus, changes in intracellular iron that accompany infection provide a trigger for the deployment of antimicrobial defense mechanisms via the stabilization of HIF-1 ␣ .
Other Effects of Iron
Although reduction of intracellular iron inhibits NF-B-dependent responses, iron chelation has been shown to activate MAP kinases and to promote the production of inflammatory mediators in intestinal epithelial cells [84] [85] [86] . The mechanism underlying this effect and its potential relationship to stabilization of HIF-1 ␣ remain to be elucidated.
Work from our laboratory has been directed at characterizing abnormalities of innate immunity in disorders of iron homeostasis. The results of our recent studies have indicated that macrophages from Hfe -deficient mice, a model of human type I hemochromatosis, are impaired in their ability to translate TNF ␣ and IL-6 mRNAs in response to TLR4 stimulation [87] . The defect was found to be related to the low intracellular iron concentration in the Hfe knockout macrophages, a consequence of the elevated FPN expression on these cells caused by low circulating hepcidin levels. The reduction of macrophage inflammatory cytokine production observed in vitro correlated with in vivo abnormalities in the response to oral infection with Salmonella , including attenuated enterocolitis and an increase in tissue pathogen burden. These observations have revealed a previously unappreciated role for intracellular iron in regulating cytokine biosynthesis that has a clear impact on the response to infection. The findings also provide a potential explanation for the increased susceptibility of individuals with type I hemochromatosis to pathogens such as Salmonella , Vibrio and Yersinia [20, 88] .
Conclusion
The research summarized in the preceding pages highlights the many interconnections between the molecules involved in iron homeostasis and innate immunity ( fig. 2 ) . Many of these interactions appear to oppose each other with respect to their effects on both iron concentrations and the immune response, a circumstance that may reflect either the operation of self-regulating mechanisms or the incompleteness of available information. It is also likely that not all the pathways illustrated actually play a role in any given situation. Additional work is required to clarify these issues.
What is fairly well established is that changes in iron availability have a strong influence on pathogen growth and virulence, and that iron deprivation by various means is an important component of first-line defense against infection. At the same time, it is becoming increasingly clear that alterations in iron levels also have a definite impact on the functioning of immunologically relevant cells. One concept that may be emerging from the accumulating evidence is that significant deviations from the norm in intracellular and extracellular iron concentrations may function not only as an antimicrobial defense mechanism but also as a 'danger' signal that can act in conjunction with more traditional microbial pattern recognition receptors to trigger appropriate protective responses. For instance, the rise in circulating hepcidin levels that accompanies infection leads to downregulation of FPN expression, with the consequent intracellular sequestration of iron serving the dual purpose of depriving extracellular pathogens of iron while promoting macrophage inflammatory responses. Similarly, a fall in intracellular iron may indicate the presence of bacterial siderophores and, by inducing HIF-1 ␣ -dependent alterations in gene expression, may complement the function of other sensors of infection. Further clarification of the mechanisms involved in the effects of iron on the immune system will provide a framework for understanding the immunological consequences of disordered iron homeostasis, and for developing novel approaches to controlling immune function based on manipulating iron levels.
